Background: Low-energy transfer reactions in which a proton is stripped from a deuteron projectile and dropped into a target play a crucial role in the formation of nuclei in both primordial and stellar nucleosynthesis, as well as in the study of exotic nuclei using radioactive beam facilities and inverse kinematics. Ab initio approaches have been successfully applied to describe the 3 H(d, n) 4 He and 3 He(d, p) 4 He fusion processes.
I. INTRODUCTION
Since the introduction of the Born approximation by Stuart Thomas Butler in the Fifties [1] , theoretical studies of deuteron-induced one-nucleon stripping reactions have been advancing significantly (see Ref. [2] for a review of recent developments and open problems on the topic). Such an effort has been motivated by the fact that transfer reactions have become one of the prominent tool for nuclear structure investigations, in particular to extract spectroscopic information from nuclei. Still, the predictive capability of practical modern theories, relying on effective potentials and different approximations to treat the internal wave functions of the reactant nuclei and/or breakup of the deuteron, has been challenged by the advent of low-energy radioactive beams and the era of measurements of exotic phenomena related to astrophysical processes and nuclear structure away from the valley of stability [3] .
The fact that the deuteron is a shallow bound state of a neutron and a proton plays a crucial role in the description of these transfer reactions. Three-body models, using as degrees of freedom a neutron, a proton (initially bound in the incident projectile) and a target nucleus, are well suited to account for the non-resonant continuum of the deuteron and its polarization effects below the breakup threshold. Examples include Faddeev-type calculations (e.g. Ref. [4] ), adiabatic approaches [2] and the Continuum Discretized Coupled Channel (CDCC) method (e.g. Ref. [5] ). However, questions remain on how to faithfully connect such models with the many-body problem which truly characterizes the reaction process. Indeed, to use the words of Butler [1] , in the lowenergy regime typical of astrophysical processes the theory has also to handle "The possibility that the whole deuteron may enter the nucleus", giving rise to a complex interaction process with all the constituent nucleons in the target. More specifically this should be achieved by using realistic nuclear interactions and enforcing exactly the Pauli principle for a system of fermions.
Corrections owing to the full antisymmetrization of the nuclear wave function have been explored in the context of three-body models [6, 7] , and were found to be important for deuteron incident energies below the Coulomb and centrifugal barrier of the nucleus. There the adiabatic approximation of treating the proton-neutron distance as a 'frozen' parameter breaks down and the effects of the presence of the projectile in the nuclear interior are no longer negligible.
Another important many-body correction in a fewbody description of the low-energy interactions of a projectile and a target are core excitations. Excitations of the target nucleus have been directly or indirectly accounted for in the CDCC [8] approach, adiabatic threebody models [9] and, recently, in the distorted-wave Born approximation model [10] . Important core excitations effects have also been found in Faddeev-type calculations for nuclear reactions [11] . Multiple core excitations are in particular needed when deuteron stripping reactions populating resonance states of the final nucleus are considered, as it is the case for the CDCC extension to transfer reactions in the continuum [12] .
In an ab initio description, all of the above described aspects of the reaction mechanism should be addressed by considering all nucleons as active degrees of freedom that interact through all relevant [nucleon-nucleon (NN), three-nucleon (3N), etc.] sectors of a realistic nuclear force, and by fully enforcing the Pauli principle. In this respect our method of choice is the no-core shell model (NCSM) [13] combined with the resonating group method (RGM) [14] . The NCSM/RGM [15] approach relies on a projectile-target microscopic cluster ansatz for the A-nucleon wave function where the individual clusters, with (A-a) and a nucleons (a ≤ A), respectively, are eigenstates of their respective intrinsic Hamiltonians expanded in an harmonic oscillator (HO) basis [40] of the NCSM. For the dynamics among the nucleons, the NCSM/RGM employs realistic NN and 3N nuclear forces, that in last two decades have been connected to quantum chromo-dynamics (QCD) through chiral perturbation theory [41] . A natural extension of the NCSM/RGM formalism is to consider an enlarged model-space including NCSM eigenstates of the A-nucleons system, i.e. the composite nucleus in the reaction. This extension, which we call no-core shell model with continuum (NC-SMC) [44, 45] , accelerates the convergence of the calculation by providing a more efficient description of the short-range physics at the A-body level that is hard to capture within the cluster ansatz of the NCSM/RGM
FIG. 1.
7 Li(d,p) 8 Li reaction (a) as described in the present work, with the mass partitions in the entrance and exit channels modeled with cluster wave functions. The reaction as it is measured in experiment (b), where the detection apparatus can be based on 1) the counting of protons, 2) the beta decay of 8 Li or 3) the yield of the 8 Be (not shown in the figure) delayed alphas following the 8 Li beta decay.
formalism.
The main purpose of the present paper is to extend the NCSM/RGM description of (d, N ) transfer reactions introduced in Ref. [16] to processes involving p-shell targets. The much larger size of the model space compared to s-shell targets and the memory required for storing the Hamiltonian matrix elements had so far precluded such calculations. These computational limitations are here overcome by generalizing to reactions with a deuteron projectile optimized algorithms already applied to the description of nucleon-nucleus scattering [19, 20] .
As first interesting application, we compute the 7 Li(d,p) 8 Li transfer reaction at energies below the deuteron breakup threshold (see cartoons of Fig. 1 ). The inelastic and transfer scattering of deuteron on 7 Li targets has been repeatedly measured in connection with the measurement of the radiative proton capture on 7 Be [26, [30] [31] [32] [33] [34] [35] . The main resonant peak at ∼0.60 MeV above the deuteron+ 7 Li threshold in the 9 Be spectrum (corresponding to deuterons of ∼0.78 MeV kinetic energy), needs to be accurately measured in order to calibrate the mean areal density of 7 Be atoms in the targets used in the proton-capture measurement [36] . Moreover, the mechanism of destruction of 7 Li through scattering of deuterons has been considered [37] as a possible explanation for what is known as cosmic lithium depletion problem [38] , in particular in the context of non-standard (inhomogeneous) Big Bang Nucleosynthesis models [39] .
We also present an initial set of NCSMC results for the 7 Li(d,d) 7 Li elastic reaction, where 9 Be eigenstates are included in the model-space. The treatment of deuteron stripping reactions within the NCSMC framework is beyond the scope of the present work and will be presented elsewhere.
The content of the paper is as follows. In Section II we revisit the main features of the NCSM/RGM basis, and describe the computation of the NCSM/RGM Hamiltonian kernels for deuteron transfer processes by means of an optimized algorithm. The more general formalism of the NCSM/RGM and NCSMC approaches is presented in Appendix A, while some useful algebraic expressions for the Hamiltonian kernels in the case of deuteron-induced reactions are collected in Appendix B. We show in Section III the calculated eigenphase shifts, p− 
II. FORMALISM
The ab initio NCSM/RGM formalism was introduced in Ref. [15] for the description of nucleon-nucleus collisions. The formalism was later extended in order to address deuteron impinging on a target [42] and (d, N ) fusion -or transfer -reactions with an s-shell target [16, 43] . The latter reaction mechanism is characterized by different mass partitions in the entrance and exit channels.
The microscopic A-body wave function is cast in the form of a partial wave decomposition on spin channels constructed by applying appropriate antisymmetrization operators to product states of the internal wave functions of the clusters,
The unknown relative-motion amplitudes, denoted by g
(r), depend on the auxiliary variable r, and J, π, and T are the partial-wave angular momentum, parity and isospin. The index ν = {A t α t I πt t T t ; A p α p I πp p T p ; s } [with A t = A − a, A p = a, and I p(t) , π p(t) , T p(t) , α p(t) , s, and denoting, respectively, the projectile (target) angular momentum, parity, isospin, and energy quantum numbers, the channel spin and the relative orbital angular momentum] runs over the set of all the possible channels included in the calculation. For the 7 Li(d,p) 8 Li transfer reaction, these include both the d- 7 Li entrance and the p-8 Li exit channels. The auxiliary variable r in Eq. (1) is introduced using a Dirac delta δ(r−r A−a,a ) in order to remove the dependence on the inter-cluster relative coordinate r A−a,a = r A−a,arA−a,a from the relativemotion amplitudes between the colliding clusters. This formal step allows the antisymmetrization operatorÂ ν to act only on the channel states
where
t(p) T t(p) are translational-invariant eigenstates of the target (projectile) obtained within the NCSM via a variational calculation in a N max -restricted HO many-body space with frequency Ω [13] .
The binary channel states of Eq. (2) are employed to compute the matrix elements of the relative kinetic energy operator T rel (r) and all other non-localized operators entering the expressions of the NCSM/RGM kernels of Eqs.(A2) and (A3), including the Coulomb interaction V C (r) [see Eq. (A4) for the expression of the internal Anucleon microscopic Hamiltonian]. On the other hand, for the localized terms arising from the non-identical permutations of nucleons pertaining to different clusters, it is convenient to expand the Dirac delta of Eq. (2) in a basis of HO radial functions with the same frequency Ω as the one describing the internal motion of the clusters,
Here the Jacobi coordinate η A−a proportional to the relative position between the centers-of-mass (c.m.) of the two clusters is defined as,
and a dependence on the oscillator-length parameter b = A/[(A−a)a] /mΩ has been introduced. Due to the increasing complexity in the antisymmetrization of translationally invariant wave functions for increasing number of particles, it is convenient to use a single-particle Slater determinant (SD) representation for the target states. In the NCSM, such SD eigenstates are given by the product of the translationally invariant ones with the 0 Ω HO wave function of the target c.m. In the case of the 7 Li(d,p) 8 Li transfer reaction we have
belonging to the entrance channel together with the eigenstates of the deuterium |d ≡ |A p =2 α 2 I π2 2 T 2 , and
which is the remnant nucleus in the exit channel along with the scattered proton |p ≡ |1 ½ ½ . Correspondingly, it is convenient to introduce SD channel states according to (omitting the explicit reference to the HO length parameter),
is the coordinate of the deuterium (proton) projectile, and we now explicitly separate the two channels with different mass partition, i.e., ν = {7 α 7 I π7 7 T 7 ; 2α 2 I π2 2 T 2 ; s }, and ν = {8
c.m. } are orthogonal transformations of the c.m. coordinate and relative coordinate η A−a of the A-nucleon system. As a consequence, the SD channel states of Eqs. (7) and (8) can be transformed into expansions on HO wave functions depending on these latter coordinates, with coefficients given by generalized HO brackets for two particles with mass ratio a A−a . The spurious motion of the A-nucleon c.m. coordinate can then be exactly removed at the level of matrix elements of translationally invariant operators, such as the microscopic Hamiltonian. Such a procedure is described in detail in Section IIC of Ref. [15] . Therefore, in the case of an N max scheme HO basis, this simple transformation mixing the spurious c.m. and the relative motion of the colliding nuclei allows us to recover the fully translationally invariant NCSM/RGM kernels and to take advantage of the computationally efficient SD formulation of the target states.
The expressions in Eqs. (7) and (8) can be further worked out to recast the projectile wave function too as product of single-particle functions. For the p-8 Li channel this manipulation reads [15, 17] ,
where |n jm j 1 2 m t is the HO single-particle wave function of the proton projectile and we used the notation
Li channel the manipulation is somewhat more involved but straightforward, requiring angular momentum recoupling coefficients and the use of HO brackets [42] ,
(10) Here the sum runs over the quantum numbers n 2 , 2 , s 2 , n a , a , j a , n b , b , j b , L ab , j, and I, n 2 2 s 2 I 2 T 2 |2 α 2 I 2 T 2 are the coefficients of the projectile wave function expanded in the relative-coordinate HO basis,ŝ = √ 2s+1 etc., and n a a n b b L ab |n n 2 2 L ab d=1 indicates an HO bracket for two particles with identical masses. In addition, we introduced the cumulative quantum number κ ab ≡ {7 α 7 I 7 T 7 ; n a a j a 
The basis states of Eqs. (9) and (11) are now expressed in terms of uncoupled products of single-particle states. This allows us to take advantage of the second quantization formalism and efficiently compute matrix elements of operators. Among the components of the Hamiltonian kernel of Eqs. (B2) and (B4), three are especially demanding in terms of the required computational resources because they involve operations on more than two nucleons of the target. The first one, appearing in Eq.(B2f), is a term diagonal in the ( 7 Li,d) mass partition and depends on a three-body density matrix of the target nucleus. Adopting the notation ab|V |cd for the antisymmetrized two-nucleon potential matrix elements, its explicit expression is
For sake of generality we use A to indicate the total number of particle in the system, which in our case is A = 9.
In addition, here and in the following equation we label the single-particle states of nucleons which appear in the wave functions of the projectile with Latin letters as before, whereas we use Greek letters for those appearing in the expansion of the target nucleus wave function. The capital Ω i (i=7,8) is instead reserved for the quantum numbers of the target states ( in Appendix B) appear in the coupling kernels between the ( 7 Li,d) and ( 8 Li,p) mass partitions and depend on a density matrix which contains two creation and three annihilation operators. Hamiltonian kernels which have one unpaired creation or annihilation operator correspond to the one-nucleon transfer part of the scattering process, where the final nucleus contains the stripped nucleon from the projectile. For reasons of computational efficiency (it is easier to produce the list of all possible triplets of annihilation operators acting on a given many-body state, than produce the list of creation operators that must be compatible with both initial and final states), we cast these kernels in such a way that three annihilation operators and two creation ones are displayed in the density matrices, yielding
The main challenge in the computation of Eqs. (12) and (13) are the density matrix elements, which turn out to be time-consuming to calculate and cumbersome to store. In Ref. [42] we tackled this problem by inserting a completeness relationship over (A−5)-body eigenstates between the triplet of creation operators and that of destruction operators in Eq. (B3) and working with precomputed coupled densities. For systems with A = 6 nucleons, this is a viable solution because the (A − 5)-nucleon states are simply given by HO single particle states and the reduced density matrix elements of Eq. (B3) involving 4 He eigenstates are straightforward to calculate and store. However, systems with mass number bigger than 6 cannot be handled in the same way. Therefore, for the present work we implemented a new efficient 'on the fly' calculation of the matrix elements of the three-body density of the target. This implementation relies on a hash algorithm, which maps each configuration of a given NCSM target state in a unique sequence of bits of fixed size (typically an integer of 8 bytes for each species of nucleons). In this way the pairs and triplets of creation and annihilation operators in Eqs. (12) and (13) are implemented through bitwise operations, that allow to select efficiently the non-trivial density matrices for a given target state in input.
Finally, in the case of a NCSMC calculation besides the NCSM/RGM kernels one has to further compute overlap and Hamiltonian matrix elements between binary-cluster channel states and A-nucleon NCSM eigenstates of the composite nuclear system. For such matrix elements, which are comparatively much less computationally intensive, we will adopt the formalism and codes developed in Refs. [44, 45] . For the sake of completeness, we outline the main features of the NCSMC approach in Appendix A 2.
III. RESULTS
In this Section we apply the formalism developed in Refs. [16, 42] , complemented with the NCSM/RGM kernels as derived in Section II, to the description of the 9 Be spectrum above the d+ 7 Li threshold, the elastic scattering of deuterons on 7 Li and protons on 8 Li, and the
8 Li transfer reaction. Our choice for the interaction between nucleons is the chiral N 3 LO NN potential of Ref. [46] , which is evolved through a similarity renormalization group (SRG) transformation with evolution parameter Λ=2.02 fm −1 . Different from our earlier investigation of the lowenergy spectrum of 9 Be [20] , where the proximity to the n+ 8 Be breakup threshold justified a description based on expansions in n- 8 Be binary channels, here we are interested in excitation energies above E x = 16.7 MeV, where the d− 7 Li channel opens immediately followed by the p− 8 Li channel at E x = 16.9 MeV. For each J π T partial wave (we considered a maximum angular momentum of J max = 7 2 , for a total of 28 partial waves, taking into account both positive and negative parities and the allowed values of the isospin T ), the present study required complex coupled-channel calculations involving both the (d, 7 Li) and (p, 8 Li) mass partitions. Specifically, our model space included binary-cluster channels built Table I . For the deuteron we included the g.s. and described its non-resonant continuum through the inclusion of discretized states, i.e. the pseudostates specified in Table II . As an example of the typical number of coupled channels we encountered, in the highest partial waves with J = 7 2 our model-space contained up to 60 binary channels specified by the collective index ν in Eqs. (1, 2 Concerning the HO model space, we employed the frequency of Ω = 20 MeV and two truncations corresponding to a total number of excitations above the 2 Ω minimum-energy configuration of N max = 6 and 8. To match the corresponding absolute number of HO quanta, we described the deuteron in N max = 8, and 10 model spaces, respectively. The values of the energies in Table I and those of the g.s. energy of the deuteron in Table II show that the calculation with the largest model-space basis corresponding to N max = 8, is not converged. This sets the computational limit for the present application of our approach.
Finally, to explore the interplay between the d− 7 Li and p− 8 Li channels and the effect of short-range 9-body correlations that are not efficiently included in the cluster wave functions of the NCSM/RGM approach, for the case of the elastic d− 7 Li and p− 8 Li scattering we also performed 'uncoupled' calculations (in the first case within the (d, 7 Li) and in the second case within the (p, 8 Li) mass partitions) with and without the inclusion of 9 Be eigenstates computed within the NCSM approach. The number of 9 Be negative-parity states used for this calculation are 30 (12) for N max = 6 (8) and for the positive parity we added 21 (12) for N max = 6 (8). States and corresponding energies for N max = 8 are specified in Table III 
A. Eigenphase shifts
The scattering eigenphase shifts convey information about the scattering matrix as a whole. In the present coupled calculations, they encompass information about the d− 7 Li and p− 8 Li elastic scattering as well as the 7 Li(d, p) 8 Li transfer reaction. A selection of our computed eigenphase shifts for negative-and positive-parity states is presented in Fig. 2(a) and (b) , respectively. For clarity of the figure we only show the T = compares the two main phase shifts contributing to this latter resonant state. These are due to the d+ 7 Li and p+ 8 Li mass partitions in relative P -and S-wave motion, respectively, with the S-wave coupling of the proton with the g.s. of the 8 Li having a clear resonant behavior.
In the following we discuss elastic and transfer processes separately. 
B. Elastic p− 8 Li scattering phase shifts
It is instructive to compare the p-8 Li 6 S 5 2 + phase shifts of Fig. 3 with those resulting from calculations without the d- 7 Li channels, shown in Fig. 4(a) . In the absence of coupling to the d- 7 Li mass partition the S-wave phase shifts are strongly suppressed. The elastic p-8 Li scattering below 1 MeV is instead dominated by the and is related to the 18.65 MeV resonance in 9 Be, the structure of which has been studied with proton scattering at 180 MeV [51] . We note that the isospin T = 3 2 channel does not contribute to the transfer reaction process, owing to the fact that the d- 7 Li mass partition can only be coupled to isospin T = 1 2 . Fig. 4(a) The p-8 Li elastic phase shifts are also influenced by short-range many-body correlations. This can be observed by comparing the results of Fig. 4(a) with those of Fig. 4(b) , obtained in a NCSMC model space spanned by the same set of p-8 Li channel states and the 9 Be eigenstates of Table III . We see once again an enhancement of the 6 S 5 2 + phase shifts, which becomes the first strong resonance above the proton-8 Li threshold. It should be noted that this behavior is not in contradiction with the trend exhibited by the coupled NSCM/RGM calculation of Fig. 3 . Indeed, the inclusion of are left unchanged, owing to the fact that we did not add 9 Be NCSM eigenstates in that isospin channel.
In summary, the analysis of this section indicates that the T = Be NCSM eigenstates used in the NCSMC calculation are specified in Table III. 6 S 5 2 + partial wave the observed enhancement of the lowlying p-8 Li resonance is an effect of the coupling with the d− 7 Li decay channel, and can be described well within the coupled NCSM/RGM calculation of Fig. 3 . A more complete calculation including also higher-energy decay modes would be required for the resonances found above ∼ 1.5 MeV. However, as it will be clear when we discuss the computed total − channel the two calculations produce identical eigenphase shifts owing to the absence of 9 Be states in the NCSM portion of the basis. At the high excitation energies considered in this work, the considerably large density of 9 Be levels made it extremely difficult to identify and extract all relevant partial waves. For the 5 2 + eigenphase shifts, the short-range correlations introduced in the nuclear wave function through the 9 Be NCSM eigenstates leave the position of the resonance unchanged but lead to a much narrower width, as shown by the steep NCSMC curve. While this difference points to a somewhat slow convergence of the NCSM/RGM calculation, it is also important to note that without the explicit inclusion of the (nearby) p+ 8 Li particle-decay channel the width of the 5 2 + resonance is artificially underestimated in the NCSMC. Indeed, the coupling to the p-8 Li mass partition has an opposite effect on the the Upon further analysis, we found that the 
D.
7 Li(d, d) 7 Li cross section
Li cross section below the deuteron breakup energy has been measured with the aim to investigate the resonant states of 9 Be above the d+ 7 Li threshold [23] [24] [25] . Here, we will compare the differential cross section at the deuteron c.m. scattering angle of 90
• of Ford [23] with the results of calculations performed within a model space spanned exclusively by d− 7 Li channel states, as well as with those obtained by further including either 9 Be eigenstates or p− 8 Li channel states. The resonant behavior in the 6 D 7 2 and 6 P 5 2 phase shifts of Fig. 5 explains the two peaks at around 1 and 1.2 MeV, respectively, observed in the NCSMC differential cross sections shown in Fig. 7 (blue dash-dotted line) . Compared to the (d, 7 Li) NCSM/RGM results (green dashed line), the first peak is roughly the same (save for differences in the energy grids used in the two calculations) while the second becomes much more pronounced and narrower due to the inclusion of the 9 Be eigenstates, which have also the effect of bringing the calculated differential cross section closer in magnitude to the experimental data of Ford [23] . In this experiment, the 7 Li(d,d) 7 Li cross section shows an enhancement at about 0.8 MeV and a resonance around 1 MeV, which were found to be compatible with deuterons traveling in S-
Li differential cross sections in the c.m. frame at the deuteron scattering angle of 90
• as function of the kinetic energy of deuterons in the laboratory system, compared to the experimental data of Ref. [23] . The three sets of theoretical curves correspond to calculations within the (d, and P -wave, respectively. At the same time, the coupling to the p− 8 Li channel has also a significant impact on the
Li cross section of Fig. 7 , where the solid red (dashed green) line represents the NCSM/RGM result obtained with (without) the (p, 8 Li) mass partition. Specifically, such coupling has the effect of moving down the computed NCSM/RGM curve, bringing it in fairly good agreement with the experimental data in the region above 1 MeV, while the resonance. Reconciling these experimental and theoretical points of view is not easy. On one hand, the inclusion of NCSM 9 Be energy eigenstates in the NCSMC calculation enhances the impact of the short-range correlations difficult to describe in terms of binary-cluster basis states. On the other hand, the lifetime of the resonances is artificially increased by the lack of p-8 Li cluster states, which would provide a channel of decay lying just above the d-7 Li threshold. Therefore, while we currently are not in the position of performing a more conclusive NCSMC study including also p-8 Li channels, we can tentatively associate the first calculated peak (corresponding to a This interpretation would imply that the computed cross section is shifted to higher energies and the two peaks are narrower and further apart from each other than in experiment. At the same time, the relative importance of the p− 8 Li S-wave channel over the d− 7 Li P -wave one in the dominant 5 2 + partial wave observed in the coupled NCSM/RGM calculation could explain why the resonant structure of 9 Be is hardly visible in the experi-
Li elastic data (see experimental points in Figs. 7) , whereas it is clearly pronounced in the transfer process, as it will be clear from the discussion in the following section.
The fact that the microscopic Hamiltonian in our present calculation is incomplete, i.e. that we do not include 3N forces, may in part be at the origin of the disagreement between computed and measured elastic cross sections observed in Fig. 7 also in the case of the more complete NCSMC model space. Indeed, already the computed NCSMC 9 Be g.s. is found at −17.4 MeV (with respect to the d+ 7 Li threshold), overbound by 4% with respect to the experimental value. It is well known [27] [28] [29] that the lack of higher-body terms in the microscopic Hamiltonian leads to a dependence of computed observables on the SRG flow parameter. In this respect a heuristic choice of the flow parameter Λ should be guided by the strategy of minimizing the impact of the bare 3N forces through the onset of higher-body terms induced by the SRG evolution of the NN interaction. This can work provided that the interplay between bare and induced forces goes in the direction of a mutual cancellation, which is not a priori guaranteed. Our present choice of the flow parameter (Λ=2.02 fm −1 ) is motivated by the study of the dependence of 4 He binding energy on Λ [29] , but it appears not to be the optimal one in order to minimize the impact of the missing 3N forces in in the present case.
E.
7 Li(d,p) 8 Li transfer reaction
In Fig. 8 , we compare our calculated 7 Li(d,p) 8 Li total cross section to the experimental data of Refs. [26, 31, 33, 47] for deuteron energies in the laboratory frame up to about 2.3 MeV. We include approximately breakup effects for the deuteron with pseudostates displayed in Table II , and we consider only the low-energy part of the excitation function, i.e. below the breakup threshold of the deuteron. Moreover, for higher energies of the projectile we can expect a bigger impact of other channels which are missing in our present calculation, such as neutron- 8 Be and triton-6 Li. In comparing the cross section to the experimental data, it should be kept in mind that at the largest feasible model space N max = 8 our many-body wave function has likely not reached convergence yet with respect to the size of the HO basis. Going from N max = 6 to 8, the height of the first peak of the calculated cross section moves towards the experimental recommended value of 0.147±0.011 b [36] . This peak, found in nature at the deuteron kinetic energy of 0.78 MeV as a broad structure of width Γ ≈ 0.2 MeV, is used to determine the mean areal density of 7 Be atoms in the targets used in experimental studies of the 7 Be(p,γ) 8 B radiative capture [36] . The spin-parity assignment of this important resonant state is experimentally uncertain: Phenomenological Rmatrix analyses [48, 49] based on the measurement of the angular distributions of α particles from the β decay of the 8 Li produced in the d− 7 Li transfer reaction, are compatible with either a J = Our calculation overestimates the position of the first peak by about 0.33 MeV. This is in line with the overestimation of both Q-value and threshold of the reaction, as it is implied by the values of binding energies in Table I: The experimental Q-value is -0.192 MeV, whereas the energies of the ground states in our calculation give a Q-value of -0.556 and -0.465 MeV for N max = 6 and 8, respectively.
A feature which is not reproduced by our calculation is the second peak in the total cross section, which corresponds to a resonance with positive parity and uncertain spin assignment ( + , located at 17.493 MeV in the 9 Be spectrum. We can only speculate on the reasons of this deficiency in our calculation: The resonant peak in question is pronounced in the 8 Be(α-α)-n decaying channel [50] , which is not explicitly included in the present cluster expansion. At the same time it should be remembered that the present results lack the effect of 3N forces, which can have an impact on the peak structure of the cross section. Another possible reason could be the insufficient inclusion of short-range correlations in the NCSM/RGM model space. This could be corrected by coupling NCSM eigenstates of 9 Be, that is by working within the NCSMC framework. While efforts are being devoted to fully extend the NCSMC to transfer reactions involving p-shell targets, we are currently not yet in the position to apply this formalism to the study of the 7 Li(d,p) 8 Li transfer reaction.
One way to overcome the limitations of our present calculation is to follow a more phenomenological approach ('NCSM/RGM phenomenology') and correct the NCSM energies for the d, 7 Li and 8 Li clusters in such a way that the difference between d+ 7 Li and p+ 8 Li thresholds are reproduced with a desired level of accuracy. Specifically, we set the g.s. energy of the deuteron to its experimental value (2.2245 MeV), whereas do not adjust the g.s. of 7 Li, but only correct the energy of its 1 2
− first excited state to match the measured excitation energy. We then modify the g.s. energy of 8 Li in order to reproduce the experimental Q-value and shift the energies of the three excited states included in the model space to reproduce the corresponding experimental excitation energies. The adjusted 7 Li and 8 Li energies are specified in the last column of Table I and the resulting effect on the computed cross section is displayed in Fig. 8 . This simple readjustment brings the calculated total cross section in fairly good agreement with the measured one (see thickdashed magenta line in Fig. 8 ). The position of the first peak is slightly overestimated and the trend of the cross section up to 2.3 MeV is qualitatively reproduced. The second peak at about 1 MeV above the d+ 7 Li threshold is missing also in the adjusted calculation, which is consistent with our hypothesis that this is dominated by a 8 Be(α-α)-n decay mode.
Finally we study the contribution of the different partial waves to the total cross section of Fig. 8 by repeating the calculation with only one component at the time. In this way we are in the position to assess the impact of each partial wave on the cross section, and therefore to assign exactly spin, isospin and parity quantum numbers to the peaks appearing in the excitation function. The result of this analysis is displayed in Fig. 9 , where one can see that the relevant contributions to the integrated cross section is given by the partial waves with J = . In particular, below 2 MeV in the deuteron kinetic energy the cross section is dominated by positive-parity partial waves while the impact of the negative-parity ones becomes significant at higher energies. The dominant role played by the 5 2 + partial wave on the first peak of the total cross section confirms the conclusions we have drawn by considering the phase and eigenphase shifts in Figs. 2 and 3 , where the channels with ) partial waves to the NCSM/RGM phenomenology total cross section (solid line) shown in Fig. 8 .
cluster eigenstate energies adjusted to reproduce the reaction threshold. However the results of this analysis concerning the impact of different partial waves are valid also for the calculation without any adjustment.
IV. CONCLUSIONS
The description of deuteron stripping to resonant states of the compound nucleus, i.e. the nucleus composed by the resonant cluster deuteron-target, is demanding in terms of the theoretical tools required both in the formalism and in the computation, also for phenomenological approaches which rely on model potentials [12] .
In this paper we presented an extension of the ab initio NCSM/RGM approach to (d, p) transfer reactions with p-shell (A > 4) targets. For this purpose we considered a microscopic Hamiltonian truncated at the NN level, and extended an efficient algorithm recently introduced to study nucleon-nucleus collisions with the inclusion of 3N forces [20] . This algorithm significantly reduces the overhead in the computation of the transition density matrix elements and eliminates the necessity of storing them before the actual computation of the Hamiltonian kernels.
We then applied the newly developed approach to the description of the 7 Li(d,p) 8 Li as well as to the d− 7 Li and p− 8 Li elastic scattering. For the case of the elastic process we also performed calculations within the NCSMC formalism, with an extended basis including the NCSM state of 9 Be, whereas the calculations for the transfer reaction were performed at the NCSM/RGM level considering explicitly the (p, 8 Li) mass partition in the nuclear wave function both at short distances and in the asymptotic part.
We discussed the experimental spin-parity assignments of the resonances of the compound 9 Be nucleus, especially for the resonance detected at deuteron energy of 0.78 MeV, the measured absolute yield of which is used as a calibration for the target thickness in proton capture experiments on 7 Be. We found that our calculations support a spin-parity assignment of J π = 5 2 + for this resonance: This is at odds with the experimental assignment of J π =
2
− . In general, we showed the interplay between deuteron-7 Li and proton-8 Li channels in explaining some features of the 9 Be spectrum. Our conclusions need to be confirmed by further calculations: Indeed, owning to the non-completeness of the basis truncated at N max = 8, we cannot establish to which extent the disagreement with respect to the experimental data can be ascribed to the lack of convergence of the calculation, rather than to missing 3N forces or degrees of freedom in the model-space basis such as the n-8 Be channel. Our future developments in the line of the present work are directed to the development of the NCSMC for the ab initio description of (d, N ) transfer reactions. More work is also necessary to enable the convergence of our calculation, in particular when heavier targets will be considered, and include the effect of 3N forces [17, 18] . The first goal can be achieved by working with cluster wave functions truncated according to the importance of the different components [52] , and the second by taking into account 3N forces in an effective way through a normal ordering approximation.
